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Abstract ─ In this paper, a transverse electro-magnetic 
(TEM) coil operating at 128 MHz in a 3-T magnetic 
resonance imaging system has been studied in terms of 
the interaction with patients with or without an 
implanted pacemaker. The pacemaker has been 
simulated as a copper box with a catheter constituted by 
an insulated copper wire with an uncapped tip and it has 
been placed inside either box or anatomical models of 
the thorax. Electromagnetic and thermal simulations 
have been performed by using finite difference time 
domain codes. The obtained results show that in the 
absence of the pacemaker, and for a radiated power 
producing in the box a whole body specific absorption 
rate (SAR) of 1 W/kg, that is a typical value for MRI 
examinations, the coil produces in the anatomical 
models peak temperature values lower than the limits 
issued by the International Electrotechnical 
Commission (IEC). In the presence of the pacemaker, 
temperature increments at the catheter tip in excess of 
those issued by the IEC standard are obtained when the 
MRI scanned area involves the pacemaker region. The 
3-T coil produces lower SAR and temperature 
increments with respect to a 64-MHz (1.5-T system) 
birdcage antenna in patients with implanted pacemaker. 

Index Terms ─ Cardiac pacemakers, dosimetry, 
magnetic resonance imaging (MRI), temperature. 

I. INTRODUCTION 
Magnetic resonance imaging (MRI) is the primary 

tool for the diagnosis of a wide number of diseases. 
However, MRI is contraindicated for patients implanted 
with pacemakers and implantable cardioverter 
defibrillators [1-3]. The most adverse effect seems to be 
the heating of the heart tissue around the catheter tip 
produced by the high currents induced on the catheter 
by the RF field used in the MRI technique [4-6]. 

The International Electrotechnical Commission 
(IEC) [7] considers that, to prevent tissue damage in the 
body, the radiofrequency field should induce 
temperature increases in the body core lower than  
0.5 °C for normal operating mode and 1 °C for first 

level controlled operating mode, where medical 
supervision of the patient is required. Moreover, local 
tissue temperature should not exceed 39 °C and 40 °C 
for normal and first level controlled operating modes, 
respectively. Consequently, in [7] limitations have been 
reported with reference to the specific absorption rate 
(SAR). In particular, the whole body SAR (SARWB)
should not exceed 2 W/kg and 4 W/kg in normal and 
first level controlled operating modes, respectively. 

Most of MRI systems in use operate at 1.5 T 
(corresponding to a Larmor frequency of about 64 MHz). 
For typical RF sequences used in MRI the IEC limits 
are usually satisfied in terms of SAR and temperature 
[8-11]. However, if a subject with an implanted 
pacemaker is exposed to MRI radiofrequency (RF) 
fields, temperatures well above the IEC limits are 
reached at the catheter tip [12-17]. 

The last generation of MRI apparatus works with 
3-T static magnetic field (Larmor frequency of about 
128 MHz) [18-20]. To the Authors’ knowledge, only 

few studies have been performed to investigate possible 
effects, on patients with metallic implants, due to  
128 MHz MRI apparatus [21-23]. In [21], sixteen 
patients with pacemakers underwent 3-T MRI scanning 
of a region far from the one interested by the 
pacemaker, with a whole body system and with SAR 
limitation to 2 W/kg, without significant effects. In [22], 
a box phantom containing a vagus nerve stimulation 
catheter was exposed within a 3-T whole body coil with 
a 3 W/kg SAR. Temperature increments up to 14.7 °C 
were obtained after 15 minutes of exposure. Also in this 
case, the highest temperature increments were obtained 
when the scanned region was involving the catheter 
leads. Finally, a numerical study was performed in [23] 
to investigate possible effects due to 128 MHz 
apparatus on a realistic torso model obtaining 
temperature increments lower than 0.128 °C. In this 
case, vagus a very simplified pacemaker and coil model 
was used and no information on the radiated power was 
given. 

In this paper, the interaction between the 128 MHz 
field of MRI apparatus and pacemakers will be studied 
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by using a numerical technique with realistic antenna,
body and pacemaker models. Moreover, a comparison 
between SAR and temperature increments produced by 
128 MHz and 64 MHz coils will be performed. 

II. ELECTROMAGNETIC AND THERMAL 
MODELS 

The radiofrequency antenna used in this work to 
generate the electromagnetic (EM) field needed for 
MRI examinations is a shielded transverse 
electromagnetic (TEM) coil [18,19]. The coil external 
diameter is 78 cm, and the height 80 cm (see Fig. 1 (a)). 
The TEM coil is constituted by 16 cylindrical copper 
legs with a diameter of 2 cm and a height of 65 cm (see 
Fig. 1 (b)). The legs are equidistant on a cylindrical 
surface with a diameter of 70 cm. The legs are 
connected, by tuning capacitances (CT in Fig. 1 (c)), to 
two rings (with a 2 cm 	 4 cm cross-section) that are in 
contact with the external shield. The capacitances are 
tuned to achieve the desired resonant frequency. Four 
50 Ω generators (VG in Fig. 1 (c)), sinusoidal in time, 
spaced apart by 90° and with 90° phase shift, are 
connected between the legs and the upper ring and are 
used for exciting the antenna at the frequency of 128 
MHz. In correspondence of the generators, two tuning 
capacitances are used, one in series (CS) and the other 
in parallel (CP) to the generator (CT = CS + CP) (see Fig. 
1 (c)). This excitation simulates the one usually adopted 
in real coils [18,19], and produces a magnetic field with 
a circular clockwise polarization, with respect to the 
positive z-axis, necessary for maximum coupling with 
nuclear proton spin. A single generator with Gaussian 
time behavior is used for studying the frequency 
behavior of the reflection coefficient, from which the 
TEM resonance frequencies can be evaluated [18,19]. 

For sake of comparison, a 64 MHz low-pass 
birdcage coil has been also considered. The birdcage is 
identical to the TEM coil but the end rings are not in 
contact with the external shield. As a consequence, 
while in TEM coils the current paths close along the 
shield, in birdcages they close through the legs [24]. 

A box model (30	20	60 cm) and three 5-mm 
resolution anatomical models, derived from the Virtual 
Family (Duke) data set [25], have been considered. 

The Duke anatomical model is a highly detailed 
and realistic model of the human body directly derived 
from MRI scans of a healthy volunteer. In particular, 
the three considered anatomical models are partial body 
models and are used for studying MRI exams targeting 
the thoracic, abdominal and head regions of the body. 
Figure 2 shows these models with their positioning 
inside the TEM coil without the shield. All the 
anatomical models have been obtained by positioning 
the Duke data set (110	58	360 cells and 78 different 
tissues) inside the TEM coil and removing body 

portions far from the coil where the RF power 
deposition is expected to be negligible. The use of the 
reduced models gives rise to consistent savings of 
memory occupation and execution times, in both EM 
and thermal simulations, without reducing the accuracy 
of the computed results [17]. 

(a) (b) (c) 

Fig. 1. (a) Shielded TEM coil, (b) TEM coil without the 
shield, and (c) zoom on the leg-ring connection region. 

Fig. 2. (a) Box model, and three anatomical models 
corresponding to MRI exams targeting the: (b) thoracic, 
(c) abdominal, and (d) head regions of the body with 
their positioning inside the TEM antenna with removed 
shield. 

The considered pacemaker is constituted by a 
copper box (4	1	5 cm) equipped with a catheter (see 
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Fig. 3 (a)). The catheter consists of a cylindrical copper 
wire with a diameter of 0.8 mm. The copper wire is 
covered by an insulating material with an external 
diameter of 2 mm from which the last 2 mm before the 
catheter tip have been removed (uncapped catheter – UC). 
The UC geometry represents a good model of 
commercially available monopolar catheters [17]. 

In the human box model, the copper box is placed 
1 cm below the box surface and the catheter is placed 
on the same plane as in a typical experimental set-up 
(see Fig. 3 (b)) [26]. 

In the anatomical models the pacemaker is inserted 
in the subcutaneous fat layers in the left part of the 
thorax with a placement, based on computed 
tomography (CT) scans of patients with pacemaker, 
approximating the clinical one (see Fig. 4) [27]. In the 
body placement, the catheter roughly follows the vein 
path to the heart cavities of the anatomical model and is 
inserted a few millimeters in the right ventricle internal 
wall. In order to avoid unrealistic crossing of the 
catheter through different tissues, the vein path has 
been slightly modified at some points by adding 
cylindrical blood vessels of 3 mm diameter. This 
ensures that the catheter is always inserted into the 
vessels. 

Electromagnetic simulations have been performed 
using a code based on a conformal FDTD scheme with 
graded-mesh [28]. The FDTD domain has been closed 
applying a 4-layer uniaxial perfectly matched layer 
(UPML) boundary condition with parabolic profile and 
1% nominal reflection coefficient [29]. The 
investigated region has been divided in cells of variable 
side, from 0.5 mm (around the catheter) to 5 mm. For 
the permittivity, conductivity, and density data of the 78 
Duke tissues, the values in [30] have been considered. 
At 128 MHz the wavelength in the tissue with the 
highest permittivity is about 28 cm. Hence, the 
maximum cell size (5 mm) corresponds to about 1/50 of 
the wavelength, resulting in a phase-spread ratio better 
than 0.999 for all propagation angles. 

In all the simulations performed for the evaluation 
of the SAR distributions, a 128 MHz harmonic 
excitation has been applied. Once steady state 
conditions are reached, the amplitude of the three 
electric field components is determined, in the center of 
each cell, and the SAR distribution is calculated [17]. 
The evaluated SAR values are the peak SAR averaged 
over the mass of 1 FDTD cell (0.125 g - SAR0.125g or 
0.125 mg - SAR0.125mg depending on the used mesh), the 
peak SAR averaged over 10 g (SAR10g), and the SAR 
averaged over the whole body (SARWB), which is the 
quantity to be evaluated for assessing the compliance 
with IEC standard [7]. 

The temperature distribution T = T(r,t), inside the 
considered body models, has been computed by using 
the bioheat equation (BHE) [31,32]. To obtain a finite-

difference formulation of the BHE, the body model is 
divided in cells of variable side, equal to those used in 
the FDTD computations, and the temperature is 
evaluated in a grid of points defined at the center of the 
cells. The BHE has been solved by using an alternate 
direction implicit finite difference (ADI-FD) 
formulation [17,33]. 

 

 
 (a) (b) 
 
Fig. 3. (a) Pacemaker model, and (b) pacemaker 
positioning inside the box. 
 

 
 (a) (b) 
 
Fig. 4. (a) Pacemaker model, and (b) pacemaker 
positioning inside the thorax. 
 

The numerical codes used in this paper for the 
solution of the EM and thermal problems in patients 
exposed to the field emitted by MRI antennas have 
been previously validated [16]. In particular, in [16] the 
SARWB values, computed by using the FDTD code in a 
box model of the human body exposed to a birdcage 
antenna, showed a very good agreement with 
measurements performed by means of a calorimetric 
set-up. Similarly, temperature time behaviors at the tip 
of a pacemaker placed inside a box model of the thorax, 
measured with a fluoroptic thermometer (Luxtron 
3100), were in good agreement with thermal 
simulations performed with the ADI-FD code. 

 
III. RESULS AND DISCUSSION 

In all the simulations, the TEM coil has been tuned 
so that the mode with highest field homogeneity occurs 
at 128 MHz. This is accomplished by setting CT = 9.34 pF, 
CS = 4.67 pF, and CP = 4.67 pF. 

 
A. Box model without the pacemaker 

The first considered thorax model is a 
parallelepiped box (30 cm 		 20 cm 	 60 cm) whose 
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electrical properties mimic those of an average human 
tissue at the considered frequency. Permittivity (ε), 

conductivity values (σ) and density (ρ) of the model are 

equal to 69.0, 0.62 S/m and 1006 kg/m3, respectively. 
SAR values have been obtained for an antenna radiated 
power producing a SARWB of 1 W/kg (PRAD = 40.8 W) 
that is a typical value for MRI examinations [10,16]. 
For the considered coil, the induced SAR0.125g, and 
SAR10g are 4.3, and 3.4 W/kg, respectively. Figure 5 (a) 
shows the SAR distribution on a coronal section 
passing 1 cm below the box surface (where the 
pacemaker will be placed). While Fig. 5 (b) shows the 
SAR distribution on the central axial section. Figure 5 (b) 
outlines that the highest local SAR values are achieved 
close to the external surface of the box and, in 
particular, for a circular left polarized EM field, they 
are close to the bottom-right and upper-left corners. It is 
worth noting that the SAR distribution does not show 
horizontal symmetry. In fact, while the structure is 
symmetric, the field excitation presents an azimuthal 
phase shift. 

 (a) (b) 

Fig. 5. (a) SAR distributions for the TEM coil on a 
coronal section 1 cm below the box surface, and (b) on 
the central axial section. (a) Corresponds to section B-
B’ in (b), and (b) corresponds to section A-A’ in (a).

Thermal simulations have been performed by using 
the ADI-FD code with a box thermal conductivity (K) 
equal to 0.2 W/(m�°C), specific heat capacity (C) of 
4178 J/(kg�°C) and neglecting the blood perfusion (B = 0). 
A convection coefficient equal to 10 W/(m2�°C) has 
been also assumed at the air-box interface. Figure 6 
shows the temperature distribution over the same 
coronal section of Fig. 5 (a). A maximum temperature 
increase of about 2.3 °C after 60 minutes of exposure 
has been observed. It is interesting to note that the 
highest temperature increments are achieved at the  

point where the peak SAR10g is located (x = 28 cm,  
z = 30 cm). This is due to the fact that the point of the 
peak SAR0.125g (x = 30 cm, z = 30 cm) is close to the 
air-tissue interface where the thermal convection 
reduces the temperature increments. 

Fig. 6. Temperature distribution on a coronal section  
1 cm below the box surface. 

B. Anatomical models without the pacemaker 
The first considered anatomical model is the one 

suitable for simulating an MRI examination at the level 
of the thorax (see Fig. 2 (b)). For a radiated power of  
40.8 W (equal to that used for the box model of the 
thorax) about 35.5 W are absorbed in the reduced Duke. 

Since the absorption in the remaining part of the 
body can be considered negligible, a SARWB of 0.49 
W/kg can be extrapolated. 

Figure 7 (a) shows the computed SAR distribution 
in a central coronal section. The peak SAR0.125g is  
10.7 W/kg and has been obtained in the skin in the 
neck-shoulder region while the peak SAR10g is 4.7 W/kg 
and has been obtained in the neck muscle. 

Then, the second position (abdominal region 
examination) has been considered (see Fig. 2 (c)). The 
obtained results in terms of SAR are: 0.46, 6.2, 28.3 W/kg 
for the SARWB, SAR10g and SAR0.125g, respectively. 
Figure 7 (b) shows the SAR map in the central coronal 
section for this exposure. In this case, the peak 
SAR0.125g is located in the skin of the inguinal region 
and the peak SAR10g in the leg muscle. 

Finally, considering the head region examination 
(see Fig. 2 (d)), the obtained SARWB, SAR10g and 
SAR0.125g have been 0.35, 8.2 and 26.2 W/kg, 
respectively. Figure 7 (c) shows the SAR map in the 
central coronal section. Similarly to the thorax 
examination, the peak SAR0.125g is located in the skin of 
the neck-shoulder region and the peak SAR10g in the 
neck muscle. 
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 (a) (b) (c) 
 
Fig. 7. SAR distributions on a central coronal section for the three models corresponding to MRI exams targeting 
the: (a) thoracic, (b) abdominal, and (c) head regions. 
 

Starting from the obtained SAR results, 
temperature distributions have been computed in the 
absence and in the presence of perfusion by using the 
tissue thermal parameters available from [34]. The time 
behavior of temperature increment during a 1 hour MRI 
investigation has been computed at the points where the 
peak SAR are located. The considered exposure times 
are longer than those of a typical MRI examination, but 
have been considered in order to better evaluate the 
heating time constants. With reference to the thorax 
examination, Fig. 8 shows temperature increments as a 
function of time. The figure shows the strong limiting 
effect on temperature elevation of the blood perfusion. 
In fact the maximum temperature increment is 2.8 °C in 
the absence of perfusion and reduces to 1.1 °C when the 
blood perfusion is taken into account. The ratio 
between the maximum temperature increment in the 
absence and in the presence of perfusion is 2.5, very 
similar to that found in [35] by comparing measured 
temperature increases in a phantom model and in the 
human forearm. Moreover, both in the absence and in 
the presence of blood perfusion the highest temperature 
increments are obtained around the point where the 
SAR10g is located. 

Concerning the other two body positions, in the 
presence of blood perfusion, the TMAX after one hour 
exposure is 1.1 °C and 1.8 °C for the abdomen and head 
examinations, respectively. It is important to note that 
the IEC SARWB limits for the normal and first level 
controlled operating modes are 2 W/kg and 4 W/kg, 
respectively. Due to the linearity of BHE, if these 
values are reached, temperature increments about 4 
times and 8 times higher, with respect to those above 
reported, will be obtained. Under these conditions local 
tissue temperature limits issued by IEC for normal and 
first level controlled operating modes are overcome. 
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Fig. 8. Temperature time behaviour in the absence and 
in the presence of blood perfusion for the thorax 
examination. 
 
C. Box model with the pacemaker 

To study the exposure of a patient with an 
implanted pacemaker to a 3-T system, a pacemaker 
equipped with a unipolar catheter has been inserted 
inside the box model of the thorax in a typical operating 
position with the catheter tip 7.5 cm far from the 
pacemaker (see Fig. 3). The exposure has been studied 
exciting the coil with a power of 40.8 W that is the one 
producing a SARWB of 1 W/kg in the box in the absence 
of the pacemaker. 

The current flowing along the catheter has been 
computed as the circulation of the magnetic field 
around the catheter axis. Figure 9 (a) shows the 
obtained current distribution. The distance along the 
wire from the point in which the catheter is inserted in 
the pacemaker is reported on the horizontal axis (the 
catheter length is 60 cm). The obtained current 
distribution can be explained observing that the current  
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inside the catheter wire is mainly produced by the 
electric field component, found in the absence of the 
wire (unperturbed field), parallel to the wire axis [13-
17]. Moreover, for the considered 128 MHz field, the 
wavelength in the box tissue is about 28 cm, and hence, 
about half of the total wire length; this results in 
resonance phenomena along the wire. Finally, the 
maximum on the current behavior along the catheter, at 
distance equal to zero, can be explained as a short 
circuit effect of the pacemaker box, and the minimum at 
the catheter tip as an open end effect. 

Figure 9 (b) shows the SAR distributions in a 
coronal section passing through the catheter. The figure 
outlines that the highest SAR values are obtained at the 
catheter tip. SARWB, peak SAR0.125mg, and SAR10g are 
1.0, 7800, and 16.6 W/kg, respectively. In the presence 
of the pacemaker, the SARWB remains equal to the 
value without the pacemaker. To complete the 
dosimetry investigation, a thermal study has been then 
performed. In these simulations the tissue parameters 
used in the absence of the pacemaker have been 
employed. For the plastic insulation (p) and wire (w), 
instead, the values in [16] have been considered  
[Cp = 1500 J/(kg°C), Kp = 0.2 W/(m°C), �p = 1000 kg/m3; 
Cw = 385 J/(kg°C), Kw = 401 W/(m°C), �w = 8960 kg/m3].
The previously computed SAR distribution has been 
assumed as thermal source and a thermal transient 
analysis has been launched in the ADI-FD thermal 
solver for a duration of 15 minutes, that is the typical 
duration of an MRI examination [22]. 

Figure 10 (a) shows the time behavior of the 
simulated temperature along the catheter axis. After 15 
minutes of exposure, a temperature increment of about 
50 °C at a point just above the catheter tip has been 
obtained. The figure also outlines the reduction in 
temperature increase at points far from the tip. 

Figure 10 (b) shows a map of the temperature 
distribution, after 15 minutes of exposure, on a coronal 
section passing through the pacemaker plane. The 
figure outlines a high temperature hot spot at the 
catheter tip and some lower hot spots in correspondence 
of the catheter bends. 
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Fig. 9. (a) Current distribution along the catheter, and 
(b) SAR distribution on a coronal section 1 cm below 
the box surface. 
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Fig. 10. (a) Temperature time behavior along the 
catheter axis, and (b) temperature distribution on a 
coronal section 1 cm below the box surface. 
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D. Anatomical models with the pacemaker 
In order to achieve realistic SAR and temperature 

evaluations for a patient with an implanted pacemaker 
exposed to MRI fields, the pacemaker has been inserted 
inside the left part of the thorax of the Duke model, that 
in turn has been inserted inside the TEM coil and 
exposed to a 128 MHz left polarized field with a 
radiated power of 40.8 W (as for the box model). In 
particular, two configurations have been considered. In 
the first case (connected), the PM case is connected to 
the catheter as in Fig. 4 (a), while in the second case 
(disconnected), the first 2 cm of the catheter have been 
removed simulating the condition of a patient with the 
pulse generator not attached [36]. 

Figure 11 shows the current along the catheter, as a 
function of the distance from the point in which the 
catheter is inserted in the metallic box. In the 
considered cases the catheter length (31 cm) is 
comparable with the field wavelength in the body and 
only one resonance is present in the spatial current 
distribution. Moreover, a strong reduction in the current 
is observed in correspondence of the tip where the 
catheter is uncapped. The main difference between the 
two considered cases is the higher current along the 
catheter (78 mA versus 64 mA peak values) and at the 
catheter tip (20.9 mA versus 17.8 mA) of the 
disconnected case with respect to the connected one. 
Moreover, the short circuit effect of the PM case and 
the open end effect of the catheter tip, already 
evidenced in the previous section, are confirmed. 

The computed SAR0.125mg at the catheter tip are 
2670 W/kg and 3680 W/kg, while the SAR10g are 5.5 
W/kg and 7.5 W/kg for the connected and disconnected 
cases, respectively. These results confirm those in [36] 
where it was evidenced that the heating produced by 
MRI in patients with the pacemaker pulse generator 
disconnected was higher than that achieved when the 
pulse generator was attached. Similarly to the box 
exposure, the presence of the pacemaker does not affect 
significantly the SARWB. Moreover, the SAR 
distribution is similar to that in the absence of the 
pacemaker except for a strong hot spot at the catheter 
tip resulting from the high current densities induced in 
tissues around the tip. 

Concerning the exposure of a patient with 
pacemaker when performing an examination at the 
level of the abdomen, a peak SAR0.125mg at the catheter 
tip of 510 W/kg has been computed. The peak SAR10g 
is 6.2 W/kg, as in the absence of the pacemaker, while 
the SAR10g at the catheter tip in the heart is 1.0 W/kg. 
Eventually, the SARWB is still 0.46 W/kg. 

The exposure of a patient with pacemaker when 
performing an examination at the level of the head  

gives rise to SARWB and SAR10g of 0.35 and 11.6 W/kg, 
as in the exposure without the pacemaker. The 
SAR0.125mg and SAR10g at the catheter tip are 990 and 
2.0 W/kg, respectively. 
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Fig. 11. Current distribution along the catheter inserted 
inside the left part of the thorax of the Duke model. 

 
In order to assess the thermal risk associated with 

the computed SAR values, the graded mesh ADI 
solution of the bioheat equation has been applied. In 
this case, the heart-blood convection coefficient (HB) 
has been assumed equal to 1000 W/(m2�°C) [37]. 

Figure 12 shows temperature versus time at the 
catheter tip, for the connected case, computed by 
neglecting the perfusion and in the presence of 
perfusion. In the first case, temperature increments of 
about 12 °C after 15 minutes exposure are obtained and 
the time behavior indicates an exponentially growing 
trend with a time constant of the order of hours. The 
presence of blood perfusion reduces temperature 
increments to about 3.0 °C and, in this case, the steady 
state is reached in a few minutes. In both considered 
cases, the temperature increments are higher than those 
indicated as safe in the IEC Standard [7]. 

Concerning the other two body positions, in the 
presence of blood perfusion, the TMAX at the catheter tip 
after one hour exposure are 0.75 °C and 1.8 °C in the 
abdomen and head examinations, respectively. 

These results indicate that only if the pacemaker is 
far from the coil center (as in the abdomen and head 
examinations) temperature increments, produced by the 
interaction of the RF field with the pacemaker, are 
compliant with the IEC limits. This result is in 
agreement with experimental findings [21,22] 
suggesting the possibility, for patients bearing a 
pacemaker, to perform MRI examinations when the 
region to scan is far from the pacemaker. 
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Fig. 12. Temperature time behavior at the catheter tip. 

E. Comparison between TEM and birdcage coils 
In order to compare the 3-T system with 1.5-T

ones, some of the previously reported simulations have 
been repeated by using the 64 MHz birdcage coil 
previously described (see Section II). 

In these simulations, the birdcage has been tuned to 
64 MHz by using capacitances of 11.4 pF. Concerning 
the box simulations, permittivity and conductivity 
values of 78.2 and 0.6 S/m have been considered, 
respectively, while for the simulations with the Duke 
model the tissue permittivity and conductivity values in 
[30] have been used. 

The results for the 128 MHz coil are reported in 
Table 1, 3rd column, while those for the 64 MHz coil in 
Table 1, 4th column. The table shows that in the absence 
of the pacemaker, SAR and temperature increments 
obtained at 128 MHz are slightly higher than those 
achieved at 64 MHz. 

It is worth noting that, the reported SAR values 
have been obtained for an antenna-radiated power 
producing a SARWB of 1 W/kg in the box model. This 
radiated power gives rise in the box central region to 
magnetic fields of about 1.2 A/m and 1.6 A/m at 128 MHz 
and 64 MHz, respectively. TEM and birdcage coils can
be compared considering the same RF magnetic field in 
the investigated sample. To this end, a value of 2.4 A/m 
has been chosen. This value is close to the typical mean 
field value necessary in MRI to produce a 90° flip angle 
in the sample [10]. Under these conditions, SARWB of  
4 W/kg and 2.25 W/kg are obtained at 128 MHz and  
64 MHz, respectively, with a SARWB ratio of 1.78, very 
similar to that found in [38] for a doubling of the 
frequency. 

The presence of the pacemaker gives rise to higher 
SAR10g and TMAX in the birdcage coil with respect to 
the TEM one. This result can be explained comparing  

the SAR distributions of the box and of the anatomical 
model at 64 MHz reported in Fig. 13 (a) and (b) with 
the corresponding distributions at 128 MHz (see Fig. 5 (a) 
and 7 (a)). From the figures, the higher penetration 
depth of the 64 MHz field with respect to the 128 MHz 
one is evident. This, in turn, gives rise to higher 
currents at the catheter tip of the pacemaker exposed in 
the birdcage with respect to the TEM coil (22.4 mA 
versus 17.8 mA) and consequently to the higher SAR10g
and TMAX at 64 MHz with respect to 128 MHz. 

The superficial absorption of the 128 MHz field is 
also the responsible for the higher SAR and temperature 
increments in the TEM coil in the absence of the 
pacemaker. 

Table 1: Comparison between TEM coils operating at 
128 MHz and birdcage coils operating at 64 MHz 

3 T
(128 MHz)
TEM coil

1.5 T
(64 MHz)

Birdcage Coil
BOX SARWB 1.0 W/kg 1.0 W/kg

// SAR10g 3.4 W/kg 2.9 W/kg
// TMAX 0.7 °C 0.6 °C

DUKE THOR. SARWB 0.49 W/kg 0.46 W/kg
// SAR10g 4.7 W/kg 4.4 W/kg

// TMAX 
(WP) 1.1 °C 0.9

BOX + PM SARWB 1.0 W/kg 1.0 W/kg
// SAR10g 16.6 W/kg 17.1 W/kg
// TMAX 53 °C 55 °C

D. THOR + PM SARWB 0.49 W/kg 0.46 W/kg
// SAR10g 5.5 W/kg 14.0 W/kg

// TMAX 
(WP) 3 °C 8.3 °C

WP = with perfusion. TMAX are temperatures after 15 min exposure. 

(a) 
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 (b) 
 
Fig. 13. (a) SAR distribution for the birdcage coil on a 
coronal section 1 cm below the box surface, and (b) on 
a central coronal section of the anatomical model 
(thoracic examination). 
 

IV. CONCLUSION 
In this paper, a TEM coil operating at 128 MHz in 

a 3-T MRI system has been studied in terms of the 
interaction with patients. A box model and an 
anatomical body model in different positions have been 
considered with or without the presence of an implanted 
monopolar pacemaker. 

In the absence of the pacemaker, the power 
absorption in the box model is mainly concentrated in 
the external part of the box, while the region with 
highest temperature increments shows a slight shift 
towards the inner part of the box. The maximum 
temperature elevations in the box model are very 
similar to those obtained in the thorax model in the 
absence of blood perfusion. The highest SARWB have 
been obtained for the thorax examination and the lowest 
for the head one, while the opposite holds for the peak 
SAR10g values. 

The peak temperature increments computed inside 
the body in the presence of blood perfusion comply 
with IEC limits. However, if SARWB values are 
increased to the corresponding IEC limits for the 
normal and first level controlled operating modes, 
temperature limits would be overcome. Concerning the 
relation between maximum temperature increases and 
SAR10g, the obtained results indicate a factor of about 
0.2° C/(W/kg). 

The insertion of a pacemaker inside the box model 
gives rise to very high peak SAR0.125mg and temperature 
increments in the absence of perfusion. The inclusion of 
the blood perfusion strongly reduces temperatures 
increments that, however, remain higher than IEC 
limits whenever the pacemaker is close to the coil 
center. In the presence of the pacemaker, high SAR 

values are achieved close to the catheter tip inside the 
heart. In this case, the factor linking the SAR10g at the 
catheter tip to temperature increments is between 0.6 
and 0.9 °C/(W/kg) depending on the SAR distribution. 

A comparison between TEM coil and birdcage 
indicates that the 3-T TEM coil produces lower SAR 
and temperature increments with respect to a classic  
64-MHz (1.5-T system) birdcage antenna for patients 
with implanted pacemaker. 
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